Using PCR, we cloned T4 gene 49, which encodes the endonuclease VII, and the inactive mutant gene 49 amE727 into vector pET-lla. In combination with Escherichia coli host strain BL21(DE3), this system provided excellent repression of the expression of the highly toxic protein before induction with IPTG. After induction, the proteins were made in high quantities while remaining soluble. Dilution of the crude lysate at 1 : 10,000 continued to show a highly specific activity in the case of the wild-type enzyme. The protein was purified to homogeneity with a recovery of 33% using two chromatography steps. The yield was 20 times higher and the specific activity 500 times higher than that obtained by using the previously published protocol.
Introduction
Endonuclease VII is the product of gene 49 of bacteriophage T4. The enzyme is required for normal development of the phage. Its involvement in DNApackaging, genetic recombination and mismatch repair has been demonstrated in vivo}~1 2 Studies in vitro have revealed that the purified enzyme cleaves specifically at secondary structures in double-stranded DNA. These structures include branched DNAs, such as four-way Holliday structures, 13^17 and three-way Y-structures, 18 single-strand overhangs, 19 ' 20 and even curved DNA. 16 Also single-base mispairings, heteroduplex Ioops 21~24 and bulky adducts have been reported as substrates for endonuclease VII. 25 ' 26 Generally, the enzyme introduces double-strand breaks by placing a limited number of delayed staggered nicks in the 3' flanking area of the obstruction.
The ability of endonuclease VII to cleave at mismatches in double-stranded oligonucleotides was recently used for mutation detection in eukaryotic genes. 27 Briefly, this procedure involves the mixing of PCR copies from wild-type and mutant a]]eles of a gene to generate heteioduplex DNA. If this DNA is then treated with endonuclease VII, mutations and their approximate locations are found by sizing the resulting fragments. Almost all mutational changes tested by Youil et al. 1995, were detected Communicated by Dai Ayusawa * To whom correspondence should be addressed. Tel. +49-221-470-5287, Fax. +49-221-470-5172, E-mail: bkemperOgenetik. uni-koeln.de by the enzyme. 27 This easy-to-use procedure allows quick screening of genes for mutations.
The demand for larger amounts of pure enzyme prompted us to search for a better expression system and to optimize the purification procedure. The established procedures for overexpression and purification of endonuclease VII had resulted in relatively low yields, mainly due to the incomplete repression of the cloned gene product and the complexity of the purification procedure. 28 We report here the use of the T7 expression system developed by Studier et al. 29 employing vector pET-lla and Escherichia coli strain BL21(DE3), and a new quick purification procedure, which allowed us to purify milligram amounts of the protein from crude extracts by using, basically, two chromatography steps.
Materials and Methods

Bacterial strains and vectors
Vector pET-lla and E. coli strain BL21(D3) were obtained from Studier.
29
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Phage M13mp2IR62E was constructed in our laboratory from phage M13mp2 by insertion of a 2x31 bp palindrome into the unique EcoKI restriction site as described earlier. 30 Oligonucleotides were purchased from Eurogentec (Belgium) and used after purification according to described standard procedures. 19 ' 20 Heteroduplexes and cruciform DNAs were made by annealing suitable strands by published procedures. 20 ' 22 The sequences of the mismatch containing heteroduplex Bea-MMCC(H46) and the cruciform DNA Bea-CFOl are given in Fig. 5 . The following PCR-primets were used for cloning gene 49 and gene 49 amE727:
upstream primer: 5'-GGGCTCGAGGCCTTAATGTTATTGACTGGCA-AATTATAC-3'; downstream primer:
The underlined sequences are homologous to the genomic region of gene 49 of phage T4.
Chromatographic materials
The MonoQ FPLC-column (HR10/10) with a proteinbinding capacity of 40-60 mg was obtained from Pharmacia (Freiburg, Germany). Heparin-agarose was purchased from Sigma Chemicals (Deisenhofen, Germany) and used for a 40-ml affinity column (diam 4 cm). Chromatographic procedures were performed using FPLC equipment from Pharmacia.
2.4-Media, buffers and chemicals
One liter of LB medium contained 10 g of bacto trypton (Difco; Detroit, USA), 5 g of yeast extract (Difco) and 10 g of NaCl. The addition of ampicillin (to yield LB amp) was always to a final concentration of 100 fig/ml. Buffer A contained 10 mM Tris/HCl (pH 8.0), 10 mM MgCl 2 , 1 mM EDTA, 2 mM phenylmethylsulfonylfluoride (PMSF), 10% glycerol (v/v) and 10 mM 2-mercaptoethanol (ME). Buffer B consisted of 10 mM Tris/HCl (pH 8.0), 2 mM EDTA, 10 mM 2-ME and 10% glycerol (v/v). Buffer D contained 10 mM Tris/HCl (pH 7.5), 0.1 mM glutathione and 50% glycerol (v/v). Sample buffer (3x) for denaturing protein-PAGE contained 150 mM Tris/HCl (pH 6.8), 6 mM EDTA, 3% SDS (wt/v), 3% ME (v/v), 24% glycerol (v/v) and 0.075% bromphenol blue (wt/v). Endonuclease VII reaction-buffer (10x) contained 500 mM Tris/HCl (pH 8.0), 100 mM MgCl 2 and 100 mM ME. Endonuclease VII stopmix for the [ 3 H]VFS-DNA assay contained 50 mM Tris/HCl (pH 8.0), 100 mM EDTA and 0.2% sarcosyl (v/v). TAC-buffer contained 40 mM Tris-acetate (pH 7.4), 5 mM sodium acetate and 1 mM EDTA. All chemicals were p.a. grade and purchased from Sigma Chemicals.
Fermenter growth of cells
A single colony of BL21(DE3) cells transformed with pRB210 was used to start a 500-ml culture in LB amp medium, which was grown overnight at 37°C. This culture was used to inoculate a fermenter containing 8 1 of LB amp medium. Cells were grown at 30°C under continuous stirring (600 rpm) and heavy aeration (5 1/min). At a cell density of approximately 5 x 10 7 cells/ml (OD55o=0.8) expression of endonuclease VII was induced by the addition of isopropyl-l-thio-/3-D-galactoside (IPTG) to a final concentration of 1 mM. After 2 hours, cells were harvested by centrifugation and immediately frozen at -80°C. Thirty-five grams of cells were routinely obtained from one fermenter run. The cells could be stored without loss of activity for at least 6 months at -80°C. 8 For this assay, endonuclease VII was diluted in ice-cold buffer D. It could be stored at -20° C for at least 6 months without loss of activity. A standard reaction contained, in a total volume of 100 /xl, 10 /xl of endonuclease VII reaction buffer (lOx), 25 /xg of BSA and 150 ng of [ 3 H]VFS-DNA. After the addition of crude extract or purified enzyme, the mixture was incubated for 15 min at 37°C. The reaction was stopped by the addition of 900 /xl of ice-cold endonuclease VII stopmix. The mixture was then centrifuged for 30 min at 17,500 rpm in a Sorvall SM24 rotor. Two hundred microliters of the top phase were recovered and radioactivity was determined. An increase in radioactivity in the supernatant reflects the degradation of VFS-DNA. Undegraded DNA was pelleted. One unit of activity is defined as that amount of enzyme which converts 50% of the [ 3 H]VFS-DNA into products of low molecular weight.
Oligonucleotide assays. When synthetic oligonucleotid -es (for example Bea-CFOl or Bea-MMCC(H46)), were used as substrates for assaying endonuclease VII activity, reactions were performed in 10 /xl of endonuclease VII reaction buffer ( l x ) , containing 0.5 /xg//xl BSA and 2 fmol of oligonucleotide. After the addition of purified enzyme, the mixture was incubated for 15 min at 37°C. The mixture was then analyzed by denaturing polyacrylamide gel electrophoresis (PAGE) and the amount of degradation product was quantitated by a phosphoimager (BAS1000, Fuji).
Plasmid assay. When M13mp2IR62E was used as a hairpin substrate (cruciform DNA) to determine the activity of endonuclease VII the procedure was performed as previously described in Jensch et al. 31 A 10-/xl reaction mixture contained 42 fmol (200 ng) of RFI-DNA (M13mp2IR62E), 1 [A of endonuclease VII reaction buffer (lOx) and 0.5 /xg//zl BSA. After the addition of crude extract or purified enzyme, the mixture was incubated at 37°C for 15 min. The site specificity of cleavage was subsequently tested with the restriction endonuclease BamHl: After the addition of NaCl to a final concentration of 0.5 M (which inactivates endonuclease VII) and 10 U of BamHI, the mixture was incubated for 15 min at 37° C and then analyzed on a 1% agarose gel in TAC buffer containing 1 /xg/ml ethidium bromide. Gels were photographed and the two diagnostic fragments of 4.0 kb and 3.2 kb (compare lanes 1 and 2 in Fig. 2 ) were quantitated by a densitometer.
Other methods
Denaturing PAGE was performed for the analysis of proteins according to Laemmli et al. 32 Protein bands were visualized on gels by silver staining or staining with Coomassie brilliant blue, both according to Maniatis et al. 33 Western blots were performed as described in Birkenbihl and Subramani 24 using the ECL detection system from Amersham (Braunschweig, Germany). The endonuclease VII antiserum used was No. 64/3 28 at a dilution of 1:5,000.
Results and Discussion
Cloning of gene 49 into expression vector pET-11 a
Because endonuclease VII attacks DNA, it is highly toxic for cells. Therefore, it is essential to use an expression system which completely represses expression of the protein of interest prior to induction so that a sufficient quantity of cells is available for protein purification. The expression vector pET-lla in combination with host strain BL21(DE3) 29 fulfills that requirement. Both the gene of interest, cloned into pET-lla behind the T7 $10 promoter, and the gene of T7 RNA-polymerase, which is integrated into the host genome, are controlled by an E. coli tec-operator. pET-lla contains a constitutively expressed lac repressor gene which in the uninduced state provides an excess of lac repressor to block expression of the two genes.
To clone the endonuclease VII gene, it was amplified by polymerase chain reaction (PCR) from genomic T4 GT7 DNA. 34 The oligonucleotides used for priming are described in methods. The PCR product was trimmed with restriction endonucleases Stul and Bglll and ligated into pET-lla, which had been cut with Ndel blunt-ended with Klenow fragment and subsequently cut with BamHl. The resulting plasmid (pRB210) was transformed into strain BL21(DE3). A similar construct was made earlier by Mosig et al. 35 As a control, the mutant gene 49 amE727 was cloned using the same primers from genomic DNA of the mutant. This resulted in plasmid pRB211. gene 49 carries an amber mutation, resulting in an inactive protein omitting the seven C-terminal amino acids. 5, 7, 8 ). The site-specific cleavage by the enzymes was consecutively tested with restriction endonuclease BamHI(+), which cuts at a single site 3.2 kb away from the cruciform structure producing the characteristic 3.2 kb and 4.0 kb DNA fragments if cleavage at the cruciform structure has occurred. The linearized plasmid is 7.2 kb. As controls, 0.2 U of (previously purified) endonuclease VII was applied (lanes 1, 2) and the product cut with BamHl (lane 2). The substrate was endonuclease VII mock-treated (lane 9), linearized with EcoKl (lane 10), which cuts at the base of the cruciform structure, and double digested with EcoKl/ BamHl (lane 11). The three conformations of the DNA substrate are nicked circle (oc), linearized circle (lin) and covalently closed circle (ccc, with supercoil).
Expression of gene 49 and gene 49 amE727
BL21(DE3) cells containing the plasmids pET-lla (without insert), pRB210 and pRB211 were grown in LB amp medium at 30°C to OD 550 =0.8. IPTG was added to a final concentration of 1 mM and the cultures grown for another 2 hours. Three microliters of cells of the induced and uninduced cultures were analyzed for the amount and identity of the overexpressed proteins by SDS-PAGE and Western blot analysis, the latter employing the highly sensitive ECL detection method (Fig. 1) . The proteins were efficiently produced as judged from the SDS-PAGE. In case of the toxic wild-type protein, about 2% of the total protein content of the lysate was endonuclease VII. In the case of the inactive mutant protein, close to 50% of total protein was endonuclease VII amE727. In lysates without induction, no endonuclease VII protein was detected. The large difference in the amount of wild-type versus mutant protein resulted from the activity of endonuclease VII. Once active endonuclease VII was made, it attacked its own gene, so that only a limited amount of RNA was available for translation while in the mutant, the gene remained intact. After induction, the toxicity of endonuclease VII for the host genome was no longer critical, because IPTG at a concentration of lmM was sufficient to kill the cells. This is evidenced by the difference in total protein content between induced and uninduced cultures (Fig. la) .
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Bea-MMCC (H46)
Crude lysates of cells containing wild-type and mutant protein were made and tested for endonuclease VII activity, employing the DNA cleavage assay previously described by Jensch et al. 18 (see methods). The crude lysates were tested in dilutions of 1:1,000 and 1:10,000. The wild-type lysate had very high activity for cutting specifically the cruciform DNA structure, while the mutant amE727-lysate, even though it contained about 25 times more enzyme, exhibited only a slight site unspecific endonuclease activity (Fig. 2). 
Purification of endonuclease VII
To obtain large amounts of pure endonuclease VII, we modified the previously published purification procedure 28 and reduced it to two column chromatography steps after preparation of crude extracts.
All manipulations were carried out at 4°C or on ice if not stated otherwise. During purification, the activity of endonuclease VII was determined by our standard assay measuring degradation of very fast-sedimenting DNA ([ 3 H]VFS-DNA) 28 which is the natural substrate of endonuclease VII. 8 A summary of a typical purification is given in Table 1 . Crude extract was prepared from 25 g of frozen cells by thawing them on ice in 100 ml of buffer A. The suspension was then sonicated for 30 min with a Branson sonifier equipped with a 0.5-cm tip and a setting coli BL21(DE3) transformed with plasmid pRB210 were subjected to the purification procedure for endonuclease VII as described in the results and discussion section and summarized in Table 1 . During purification, samples were taken from each fraction and analyzed on 15% SDS-polyacrylamide gels and by silver staining. of 5. Insoluble cell debris was removed by centrifugation at 100,000 xg for 45 min. More than 90% of endonuclease VII stayed in the supernatant, which was called fraction I (Table 1) . Nucleic acids were removed from crude extracts by polyethyleneglycol-dextran (PEG/Dex) two-phase separation. To 100 ml of cleared crude extract, 30.2 ml of polyethyleneglycol 6000 from a 30% (wt/v) stock solution and 11.2 ml of dextran T500 from a 20% (wt/v) stock solution, both in buffer A, were added. While stirring, finely ground NaCl was slowly added to a final concentration of 4 M. The suspension was stirred for another hour. The phases were separated by low-speed centrifugation (30 min, 10,000 xg) using a Sorvall SS34 rotor. The top phase containing PEG and protein was removed and dialyzed overnight against 8 1 of buffer B containing 300 mM KC1. After dialysis, the solution was cleared by another low-speed centrifugation step. This we refer to as fraction II (Table 1) .
Fraction II was loaded onto a 40-ml heparin-agarose column equilibrated with buffer B containing 300 mM KC1. The column was washed with 4 bed volumes of the same buffer. The protein was eluted with five bed volumes of a linear gradient from 300-700 mM KC1 in buffer B at a flow rate of 1.5 ml/min, and fractions of 5 ml were collected. The elution profile is shown in Fig.  3a . The endonuclease activity was found in the fractions with greater than 520 mM KC1. They were pooled and dialyzed overnight against 8 1 of buffer B containing 50 mM KC1 (fraction III, Table 1 ).
Fraction III was passed through a Mono-Q column (HR10/10) equilibrated with buffer B containing 50 mM KC1. After loading, the column was washed with 4 bed volumes of buffer B containing 50 mM KC1. The protein was eluted with 8 bed volumes of a linear gradient from 50-1,000 mM KC1 in buffer B at a flow rate of 0.8 ml/min. One-milliliter fractions were collected. The elution profile is shown in Fig. 3b . Most of the endonuclease VII appeared in the range of 150 mM to 250 mM KC1. This was fraction IV (Table 1) . It can be stored at -20°C after the addition of 50% glycerol.
3.4-Sensitivity of different DNA-substrates to endonu-
clease VII A series of assays with different DNA-substrates have been described in the past. These included T4 VFS-DNA, 3 ' 4 -28 cruciforms in supercoiled M13mp2IR62E-DNA, 30 synthetic cruciform DNA 20 and a synthetic oligonucleotide with a C/C-mismatch. 20 For historical reasons, the concentration of DNA per assay varied and a comparison of sensitivities towards endonuclease VII among these substrates was not available. We have, therefore, determined the amount of endonuclease VII required to degrade 50% of each type of these substrates under the original assay conditons and related the amount of enzyme to the amount of potential cleavage sites in each assay. The results are summarized in Table 2 . The substrates show a wide range of reactivity with the enzyme. One standard unit of endonuclease VII is defined as that amount which degrades 50% of 150 ng of [ 3 H]VFS-DNA. 8 Counting four potential cleavage sites per T4 unit genome, the VFS-DNA assay contains 5.6 fmol of cleavage sites. In comparison, the assays with M13mp2IR62E, Bea-CFOl and Bea-MMCC(H46) contain 42, 2 and 2 fmol of cleavage sites, respectively. These substrates were recognized with 1/2, 1/15 and 1/60 of the efficiency of VFS-DNA.
Comments
The production of milligram amounts of pure endonuclease VII starting from a colony of transformed cells required 5 days. Twenty-five grams of frozen induced cells delivered routinely 13 mg of protein with a purity greater than 99.99% as determined on a silver-stained gel (Fig.  5) .
The specific activity of 2.5 x 10 8 units/mg protein, as determined by the [ 3 H]VFS-DNA assay, was 500 times higher than for the enzyme purified following the old protocol. 28 We believe that the improvement is due to the increased expression of endonuclease VII in this system. 29 Thus, the enzyme only had to be purified 45-fold which could be done in only two column chromatography steps. The reduced manipulation left the enzyme much more active.
